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Abstract
The structure of amorphous Cu2GeTe3 is investigated by a combination of anomalous x-ray scattering and
extended x-ray absorption fine structure experiments. The experimental data are analyzed with a reverse
Monte Carlo modeling procedure, and interpreted in terms of the short- and intermediate-range order. Based
on this information, a model for the phase transition in Cu2GeTe3 is proposed, in which atoms move toward
the center of the 6-fold rings of the crystal structure, leading to the formation of wrong bonds and a broader
distribution of ring structures, but also preserving some structural motifs of the crystal.
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1. Introduction
Phase-change materials (PCM) utilize the re-
versible change from an amorphous phase to a crys-
talline phase to encode binary data.[1, 2] The read-
ability of the stored data is guaranteed by the pro-
nounced differences in the electrical and/or opti-
cal properties of both phases. Cu2GeTe3 (CGT)
is a new PCM which is expected to be used for a
next generation of (non-volatile) data storage de-
vices. [3, 4] The CGT crystalline film was found
to be amorphized by laser irradiation with a lower
power and shorter pulse width than currently em-
ployed GeSbTe alloys, which are essential properties
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to achieve rapid data recording and low power con-
sumption in PCMs. [5, 1, 4] In contrast to widely
studied PCM systems like GeSbTe, amorphous
CGT is denser than the crystal, and the phase tran-
sition takes place to a tetrahedrally bonded crystal,
a very different geometry compared to the octahe-
drally bonded cubic structures adopted by GeSbTe
systems. [4, 6] A result of this peculiar structure
is a negative optical contrast, i.e. the reflectivity of
the crystalline phase is lower than that of the amor-
phous phase,[4] contrary to GeSbTe with a positive
optical contrast.[5, 7]
The structure of the crystal phase of CGT con-
sists of a three-dimensional arrangement of slightly
distorted corner-sharing CuTe4 and GeTe4 tetrahe-
dra, with the space group Imm2. [8] (A schematic
view is illustrated in the supplemental informa-
tion.) Concerning the structure of the amorphous
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phase, on the other hand, the state of research is
inconsistent: different average coordination num-
bers have been reported by x-ray diffraction in
combination with x-ray absorption fine structure
(XAFS) measurements,[9] by XAFS investigations
alone [10] and by ab-initio molecular dynamics sim-
ulations (AIMD).[11, 12] The experimental results
so far indicate that all atoms are roughly fourfold
coordinated, which would constitute a large simi-
larity to the tetrahedral crystal structure. AIMD
simulations find much larger coordination numbers
of Ge and Cu, with values exceeding 6 for Cu and
about 4.5 for Ge. Agreement is reached only on
two points, namely the unusually large average co-
ordination numbers for Cu and Te atoms, and on
the existence of a significant number of homopolar
bonds for Cu-Cu and Te-Te pairs (so called “wrong”
bonds, which do not exist in the crystalline phase).
Apart from the investigation of nearest neigh-
bor arrangements, ring statistics calculations offer
the possibility to characterize the topological con-
nectivity of network structures. For GeSbTe, ring
structures have been investigated both experimen-
tally [13] and theoretically by DFT simulations.[14,
15, 16] In general, the fast phase change ability of
GeSbTe was attributed to a strong preference of
(alternating) even-fold rings, facilitating the phase
transition to the crystal with a similar ring struc-
ture. For CGT, so far there are only theoretical
investigations available.[11, 12] The reported ring
structures are strikingly different from the known
features of GeSbTe, especially concerning a large
contribution of 3-fold rings. However, an experi-
mental support for this finding is still missing.
The structural description also needs to be ex-
plained in the larger context of the transition
from the crystal to the amorphous phase. Again,
for GeSbTe, such models already exist and have
been controversially discussed, e.g. the (modified)
“umbrella-flip” model[17, 18] or the ring statistics
analogy model[13]. To build a suitable model for
this process in CGT, detailed structural informa-
tion on the short- and intermediate-range order
of the amorphous phase are required. A power-
ful method to extract this kind of information is
anomalous x-ray scattering (AXS). The aim of this
article is thus to propose such a phase-change model
for CGT, based on a combination of anomalous
x-ray scattering and extended XAFS experiments,
analyzing the datasets with a reverse Monte Carlo
(RMC) modeling procedure.
2. Experimental
The amorphous CGT sample was prepared by
radio-frequency sputtering deposition from GeTe
and CuTe alloy targets on SiO2 (20 nm)/Si
(0.7 mm) substrates. Details on the sample prepa-
ration are outlined in refs. [4] and [6]. We note
that the as-deposited phase exhibits almost identi-
cal properties compared to the melt-quenched film
that would be generated in a phase-change memory
device.[4]
The AXS experiment were performed at the
beamline BM02 of the European Synchrotron Ra-
diation Facility (ESRF). AXS utilizes the anoma-
lous variation of the atomic form factor f of a spe-
cific element in the vicinity of an x-ray absorption
edge.[19] The experimentally accessible information
are the differential structure factors ∆kS(Q):
∆kS(Q) =
∆k [C · I(Q,E1, E2)]−∆k
[〈f2〉 − 〈f〉2]
∆k [〈f〉2] ,
which are calculated from the difference (∆k) of
two scattering experiments with intensities I(Q,E)
conducted at energies E1 and E2 close to the ab-
sorption edge. C denotes the normalization factor.
The ∆kS(Q) functions contain structural informa-
tion specifically related to the element k. The rel-
ative increase of this information can be illustrated
by the AXS weighting factors wij for the partial
contributions of all elements i, j:
∆kS(Q) =
∑
i,j
∆kwij(Q) · Sij(Q).
They are illustrated for CGT in Table 1. Note
that the wij have a small Q dependence, and are
given here exemplary for Q = 1.9 A˚−1, i.e. at
the first S(Q) maximum position. Incident en-
ergies for the measurements were selected 20 and
200 eV below the Cu and Ge K edge, as well as
30 and 300 eV below the Te K edge, respectively.
The experiments were performed in transmission
geometry using a container cell with 7 µm Kap-
ton windows and appropriate thicknesses for each
investigated energy region. The data were cor-
rected for absorption effects and Compton scatter-
ing, and normalized using the Krogh-Moe-Norman
method.[20, 21]. Further details on the theoretical
and experimental background of AXS can be found
elsewhere.[19, 22, 23, 24, 25]
The XAFS experiments were conducted at
BL12C of the Photon Factory in the High Energy
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Figure 1: Experimental data. (a) AXS, (b) Ge XAFS, (c) Cu
XAFS. Black squares and black lines are experimental data.
RMC fits are displayed as colored lines, with data acquired
near the absorption edges of Te (purple), Ge (blue) and Cu
(red), the total S(Q) is shown in grey.
Accelerator Research Organization (KEK-PF), in
fluorescence mode. The incident x-ray intensity was
measured using an ion chamber, and the fluorescent
x-ray intensity from the sample was detected using
a 19-channel pure Ge solid state detector. XAFS
functions were determined near the K edges of Cu
and Ge. Both AXS and XAFS data are displayed
in Fig. 1 with black symbols/lines.
In the reverse Monte Carlo procedure, the real
sample is modeled by an ensemble of atoms as hard
spheres in a simulation box. In each simulation
step, individual atoms are moved randomly to min-
imize the difference between experimental structure
factors and those computed from the simulated con-
figuration using a Metropolis algorithm. We em-
ployed the RMC POT package[26, 27] for our sim-
ulations. An input configuration of 10,000 atoms
with proper stoichiometry with an initial random
distribution of the atoms in a box corresponding to
the number density of 0.0385 A˚−3 was used. Mini-
mal interatomic distances for the individual corre-
lations Cu-Cu, Cu-Ge, Cu-Te Ge-Ge, Ge-Te, and
Te-Te were set to 2.45, 2.35, 2.35, 2.35, 2.35 and
2.45 A˚, respectively. These distances were chosen
near the values for the respective sums of the co-
valent radii,[28] and were adjusted to fit the first
coordination shells adequately.
Two different conditions were explored with dif-
ferent sets of input data. First, in order to compare
our findings with existing results, we included only
the total structure factor S(Q) (obtained at 300 eV
Table 1: Weighting factors wij in CGT at 1.9 A˚
−1 near the
first S(Q) maximum, in percent.
Ge-Ge Ge-Cu Ge-Te Cu-Cu Cu-Te Te-Te
S(Q) 1.9 7.0 16.8 6.5 30.9 36.9
∆GeS(Q) 11.5 24.3 68.3 -1.7 -4.0 1.6
∆CuS(Q) 0.2 13.1 0.9 20.3 65.6 -0.1
∆TeS(Q) 0.0 0.0 14.0 0.0 25.8 60.1
below the Te K absorption edge energy) and the
two XAFS datasets in a RMC simulation, and ex-
cluded the formation of Cu-Ge bonds in the simula-
tion by increasing the Cu-Ge minimal interatomic
distance to 3.1 A˚ (“limited approach”). The results
were expected to be comparable to previously pub-
lished data by Jo´va´ri et al. [9], the only difference in
the procedure being that no Te XAFS data were in-
cluded in our model. Secondly, the AXS data were
included as well, i.e. the individual ∆kS(Q)’s for
each element. This approach therefore illustrates
the effect of the AXS data. Furthermore, the for-
mation of Cu-Ge bonds was not excluded (“present
model”). This kind of model reflects findings of the
theoretical studies, in which no specific restriction
to the possible types of bonds are found, i.e. Cu-Ge
bonds are present.[11, 12] The resulting RMC fits
for this model are illustrated in Fig. 1 with colored
lines.
To evaluate the significance of the Cu-Ge bonds,
a different RMC run was performed with all of
the experimental datasets, but excluding the Cu-
Ge bond. For this, the minimal interatomic dis-
tance of the Cu-Ge pair was raised to 3.1 A˚. Rela-
tive to the simulations including the Cu-Ge bond,
this leads to an increase in the goodness-of-fit val-
ues Rw for the EXAFS dataset of Ge (by 8.4%)
and for the ∆GeS(Q) function (by 7.2%), and to a
smaller amount for the EXAFS dataset of Cu (by
2.1%). This indicates the presence of Cu-Ge bonds
in the material.
3. Results
From the RMC generated models, the 6 indepen-
dent correlations of element pairs in CGT are cal-
culated. Figures 3 and 2 give an overview of all
partial structure factors Sij(Q) and pair correla-
tion functions gij(r) obtained from the RMC simu-
lation for the present model. Average bond lengths
extracted from the pair correlations are listed in
3
Figure 2: RMC results for the partial structure factors
Sij(Q) in the present model.
Table 2, in comparison with data from two other
studies and the corresponding values for the CGT
crystal. The bond lengths are averaged over all
correlations of the respective element. In general,
bond lengths become slightly larger in the amor-
phous state compared to the crystal. The largest
differences between different approaches is observed
for Cu-related bonds: contrary to ref. [9], we find
that the distances become somewhat larger than
in the crystal, but the elongation is less compared
to AIMD results [11]. Note that the precision of
RMC with respect to interatomic distances in this
approach is around ±0.05 A˚.
The partial and total coordination numbers are
tabulated in Table 3. Cut-off distances for the cal-
culation of the coordination numbers were set to
the first minimum in the pair correlation functions
around 3.0 A˚.
4. Discussion
4.1. Coordination numbers and interatomic dis-
tances
It is notable that - within the precision of the
experimental methods - interatomic distances (see
Figure 3: RMC results for the partial pair correlations func-
tions gij(r) in the present model.
Table 2: Average bond lengths in A˚ for each element, in
comparison with other studies.
species present RMC[9] AIMD[11] Crystal[8]
Cu 2.65 2.57 2.79 2.61
Ge 2.61 2.56 2.62 2.51
Te 2.63 2.65 2.65 2.58
Table 3: Partial and total coordination numbers of CGT in
comparison with other studies. Partial coordinations ij are
given for j atoms around i centers.
elem.
RMC results references
present limited RMC[9] AIMD[11]
CuGe 0.73 - - 0.62
CuCu 2.38 2.35 2.20±0.4 2.34
CuTe 2.29 2.10 1.86±0.3 3.70
GeGe 0.72 1.41 1.52±0.4 0.12
GeTe 1.83 2.68 2.51±0.5 3.09
TeTe 2.19 2.08 1.72±0.3 0.60
N(Cu) 5.40 4.45 4.06±0.6 6.67
N(Ge) 4.02 4.09 4.03 4.47
N(Te) 4.64 4.41 4.10±0.5 4.18
〈N〉 4.79 4.37 4.08 5.06
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Table 2) in the amorphous phase of CGT do not dif-
fer largely from the corresponding crystalline phase.
This indicates a remarkable similarity between the
two phases, which is not found in other comparable
phase-change materials: in GeSbTe, for example,
the shortening of the Ge-Te bond was the basis for
the proposed “umbrella-flip” model[17].
We found that the obtained coordination num-
bers for the limited RMC approach in Table 3 are in
agreement with the data by Jo´va´ri et al. [9] within
the reported experimental uncertainties of±0.3-0.6.
The effect of the AXS data in the present, full ap-
proach is mainly seen in the Ge environment, where
a reduced number of Ge-Ge and Ge-Te bonds is
found in favor of the Cu-Ge bonds. The existence
of these bonds is difficult to judge from only XAFS
and total scattering data, cf. ref. [9], but it is ev-
ident from the AXS data. Despite the disagree-
ments between this model and any of the reference
models, some consistent observations can be made:
The structure of CGT is characterized by high av-
erage coordination numbers, especially around Cu;
all coordination numbers are actually larger than
in the corresponding crystal; also, a large number
of homopolar bonds is found, especially Cu-Cu (for
every model) and Te-Te (only in the experimentally
obtained models) bonds.
4.2. Bond angle distribution
By including the AXS data, reliable informa-
tion on structural features beyond the coordination
numbers can be obtained. A detailed analysis of the
present RMC model provides information on bond
angle distributions (BAD) and ring statistics of the
network. We calculated the BAD around the indi-
vidual elements, shown in Fig. 4. In general, broad
distributions around 109◦ are observed for all corre-
lations, corresponding to a distorted tetrahedral co-
ordination (109.5◦). This corresponds to the large
number of 4-fold coordinated atoms, and shows a
large similarity to the crystal structure, where only
tetrahedral configurations are found, though with
a much narrower distribution (104◦-114◦). In ad-
dition, peaks around 60◦ are found and are mainly
connected with Cu-related correlations. The results
are consistent with theoretical studies.[11, 12] The
low number of 90◦ angles is a striking difference to
GeSbTe-based PCMs,[29, 30, 15] and demonstrates
that the amorphous phases of CGT and GeSbTe
systems are dominated by very different structural
motifs.
Figure 4: Bond angle distribution in a-CGT, around Cu
(red), Ge (blue) and Te atoms (purple).
Figure 5: Ring statistics in a-CGT. Inset: c-CGT.
4.3. Ring statistics
These features can be understood by consider-
ing the rings statistics, which were calculated using
the R.I.N.G.S. program.[31] A “ring” is defined as
a closed path of covalent bonds originating from
and leading back to the same atom. For the ring
statistics analysis, irreducible rings were searched in
the amorphous network, i.e. closed paths that can-
not be decomposed into smaller rings. The results
are shown in Fig. 5. A broad distribution of ring
structures is found with a shallow maximum for 6-
membered rings. This centering around the 6-rings
shows a correspondence to the crystal structure,
where only 6-membered rings are found (inset in
Fig. 5). Furthermore, a large number of 3-fold rings
is found, which corresponds to the peak around 60◦
in the BAD. A similar feature is observed even in
an AIMD study.[12]
The significance of the large contribution of 3-
fold rings was evaluated by an additional RMC run,
in which the formation of 3-rings was constrained
by including a penalty term for 60◦ angles in the
BAD. Thereby, the number of 3-rings was reduced
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Table 4: Composition of the rings. The values denote the number of atoms of the respective element in the n-fold ring. The
values in brackets indicate the relative increase from the ring composition expected by the concentration.
element n=3 4 5 6 7 8
Cu 1.56 1.97 2.41 2.66 2.96 3.37
(+56%) (+48%) (+44%) (+33%) (+27%) (+26%)
Ge 0.59 0.86 0.82 0.88 1.08 1.47
(+18%) (+28%) (-2%) (-12%) (-8%) (+10%)
Te 0.85 1.18 1.78 2.46 2.96 3.16
(-43%) (-41%) (-29%) (-18%) (-15%) (-21%)
by 97%; however, a significant increase was found
in the goodness-of-fit values Rw for the total S(Q)
by a factor of 1.40, and for the differential datasets
∆kS(Q), especially for Ge (2.55), but also for Te
(1.43) and to a smaller amount for Cu (1.14), indi-
cating that 3-rings are an important component of
the structure, and should be included in the mod-
eling process. The Rw values of the XAFS datasets
increase only by a small amount (by a factor of 1.03-
1.10). This indicates that information on bond an-
gles and on the ring structure is not directly avail-
able from the XAFS data.
GeSbTe-based PCMs show a markedly different
ring distribution, where even-membered ring struc-
tures are supposed to be dominant.[13, 14, 15] In
GeSbTe, this structural feature is explained by a
similarity to the crystal structure, where resonance
bonding via p-orbitals (concomitant with 90◦ bond
angles and 4-fold rings) plays an important role
for the stability.[7] The ring structures of CGT re-
quire a different explanation. For more details on
the network, we analyzed the composition of the
rings, shown in Table 4. The table displays the
average number of atoms from a specific element
in an n-fold ring (between 3 < n < 8). The ta-
ble also indicates the relative difference to the ex-
pected ring composition; for example, a 6-fold ring
in Cu2Ge1Te3 can be expected to consist of 2 Cu, 1
Ge and 3 Te atoms. In general, Cu is found in ring
structures to a much larger degree than what would
be expected from its relative concentration (+39%
on average). This finding agrees well with the high
coordination number of the Cu atoms. For the most
important ring sizes, typical building blocks of the
rings structures are composed of:
• 3-fold rings: Cu2Te,
• 5-fold rings: Cu2GeTe2
• 6-fold rings: Cu3GeTe2 and Cu2GeTe3
Figure 6: Model for the phase transition in CGT. The crystal
structure is shown in (a) and a schematic representation of
the ring structure in (b). During the phase transition, atoms
in the crystal move towards the 6-ring centers, resulting in
new ring structures and the formation of wrong bonds (red)
in the amorphous phase, illustrated in (c) and (d). Atomic
movements resulting in new bonds are marked with arrows
in (a) and (b). Colors denote Te (gold), Ge (blue) and Cu
(red) atoms. Images of the structures were produced using
VESTA.[32] In (b) and (d), filled circles denote Te and empty
circles are Ge/Cu atoms. The numbers indicate the size of
the ring.
Except for Cu2GeTe3, which can be formed as an al-
ternating ring structure (and is the only ring struc-
ture for the crystalline phase), these typical build-
ings blocks cannot be realized without the forma-
tion of “wrong” bonds of Cu-Ge or Cu-Cu.
4.4. Model for the phase transition in CGT
From the structural information described so far,
it is possible to draw a detailed model of the amor-
phous structure, aimed to explain the fast struc-
tural phase transition in CGT. This model is illus-
trated in Fig. 6. Starting from the crystal structure,
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only small movements of the atoms are required to
reach the amorphous state. Namely, there is move-
ment of atoms (especially the Cu atoms) towards
the centers of the 6-fold rings. These movements
are illustrated in Fig. 6 (a) for one unit cell and
in (b) schematically for the ring structure with ar-
row symbols. They lead to the increased coordina-
tion numbers of Te and Cu compared to the crystal
and the increasing density of the amorphous phase.
Note that the high mobility of the Cu atoms is
also suggested as a key factor for the phase change
process by a recent investigation of combined hard
x-ray photoelectron spectroscopy and AIMD.[33]
Concomitantly, this movement leads to the frag-
mentation of the 6-fold rings and the formation of
smaller ring structures, shown in Fig. 6 (c) and (d),
in which “wrong” bonds of especially Cu-Cu and
Te-Te are realized. The maximum at n = 6 in the
ring statistics reveals that a significant number of
the 6-rings of the crystal structure are conserved,
but become largely distorted, as indicated by the
wide bond angle distribution in Fig. 4. This dom-
inance of the 6-rings in the amorphous phase cer-
tainly contributes to the high speed of the phase
transition. Finally, the redistribution of chemical
bonds also leads to the formation of larger rings
sizes with n ≥ 7.
Finally, we note that the focus so far has been the
amorphization process. This formalism was cho-
sen because it is straightforward to understand the
structure of the amorphous phase as derived from
the crystal. Technically, a fast crystallization, i.e.
the reverse mechanism, is more important. This
process can be understood as the reverse motion,
i.e. in Fig. 6 from (c, d) to (a, b), which in the
same way requires only small atomic motions due
to the similarities of the local structure.
5. Conclusion
In conclusion, we present a model for the struc-
ture of the amorphous phase of Cu2GeTe3, based
on the analysis of experimental data from AXS and
XAFS, modeled by RMC. The extensive experi-
mental approach represents a distinct improvement
compared to previous experimental results. We
confirmed the formation of smaller ring structures
and a large number of homopolar bonds, in agree-
ment with theoretical studies. The structural prop-
erties are used to draw a qualitative model of the
phase-change process, in which atoms (especially
Cu) move towards the centers of the 6-fold rings
of the crystal, thereby forming new bonds and re-
sulting in a broader distribution of ring structures,
but also preserving some structural motifs of the
crystal, like the interatomic distances and the high
coordination numbers.
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